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INTRODUCTION
The 17 January 1994 magnitude 6.7 Northridge earthquake (Hauksson and others, 1994 ) ranks as one of the most damaging in history with total economic losses near 20 billion dollars (U.S. Geol. Survey and Southern California Earthquake Center, 1994) . The earthquake caused widespread damage throughout the San Fernando Valley (SFV), but there were also well-defined zones of significantly higher levels of building damage in the valley. Heavily damaged areas included Sherman Oaks and several buildings on the California State Northridge campus. Previous studies show that decreasing mean shear-wave velocity in the near surface generally correlates with an increase in the average amplification of earthquake ground motion (Borcherdt, 1970; Borcherdt and Gibbs, 1976; Fumal, 1978) . These earlier studies used downhole techniques to determine P-and Swave seismic-velocity profiles in the upper 30 m of the ground surface. Following the guidelines of earlier studies, but changing the approach slightly, we used seismic-refraction methods on the ground surface to determine the near-surface compressional-and shear-wave velocities. In this study, we (1) report on the Vp and Vs determined for each site, (2) compare our results from two sites with nearby borehole data, (3) describe the correlation of near-surface geology with Vp and Vs, and (4) assess the correlation of site response from Hartzell and others (1996) with our assignment of a 1994 National Earthquake Hazard Reduction Program (NEHRP) (Building Seismic Safety Council, 1994) Vs soil profile type to 20 sites (table 1). Nine high-resolution P-and 5-wave refraction profiles were acquired at or near the portable seismograph stations established for the U.S.G.S.-Golden Northridge aftershock study ( fig. 1 ; table 2). These sites are in addition to the eleven sites described in Williams and others, (1996) which are also shown in Figure 1 . A generalized surficial geology map from Tinsley and Fumal (1985) is also shown in figure 1. In addition, we determined Vp and Vs at four other sites in the SFV: two sites (SOW and SOP) were selected adjacent to recently-drilled holes in Sherman Oaks to compare our results with Vp and Vs data derived from the boreholes (Gibbs and others, 1996) . Additionally, two sites (NOHO and BAK) were located in North Hollywood, an area lacking aftershock site response data, to compare an area containing heavier building damage against an area of lighter damage 1.5 km away. (Tinsley and Fumal, 1985) of the San Fernando Valley with station locations and site names where P-and S-wave seismic-refraction profiles were acquired (triangles). Sites in blue contain new data and are emphasized in this report. Sites in black were discussed in Williams and others (1996) . Sites are roughly co-located with the aftershock recording stations. Red squares mark the locations of red-tagged buildings (uninhabitable) following the Northridge main shock. A star marks the Northridge main shock location. Light grey lines are the major freeways in the region. Hartzell and others (1996) ; Qyf -Holocene fine-grained sediment (silt and clay), Qym -Holocene medium-grained sediment (sand), Qyc -Holocene coarse-grained sediment (gravel), Qom -Pleistocene medium-grained sediment (sand), Ts -Tertiary sedimentary rocks (Tinsley andFumal, 1985) .
The new Sherman Oaks profiles described below were located in the vicinity of the heavily damaged area and extend the comparison (begun in Williams and others, 1996) of the shallow Swave velocities at sites of higher amounts of building damage (sites BLA, SOW) south of the Los Angeles River, to one site (SOP) in an area of less damage north of the river. To check seismic velocities of the soils near the Los Angeles River outside of Sherman Oaks, we acquired one profile (MAY) at the site of a spectacular apartment collapse on the south edge of the Los Angeles River near the town of Reseda. We also tested site MAY because it is in an area of generally lower damage (the apartment collapse was a relatively anomalous occurrence in the area) as compared to Sherman Oaks. The position of site LOS, located south of the L.A. River in Encino, is similar to that of the Sherman Oaks sites relative to the northern edge of the Santa Monica Mountains and the river. Three 'rock' sites ER1, JQ1, and MUE were also tested, but due to space limitations at the aftershock recording stations, the seismic refraction profiles had to be located 1 to 2 km away from them, but still on or within about a meter above of the same mapped geological formation. Three other sites ARA, SMI, and TRE are located on Quaternary alluvium in Northridge and Reseda.
METHOD
With the exception of the rock profiles, the borehole sites, and the North Hollywood sites, these profiles were acquired within about 50 m of the aftershock recording site. Generally, the aftershock stations were located in the backyard of a private home while the seismic profiles were located on the paved street in front of the residence. We interpreted the data using the slope-intercept method of analysis (Mooney, 1984) . A hypothetical dipping two-layer case and the formulas used to calculate the velocity structure by the slope-intercept method are shown in the Appendix. Recording parameters for the data acquired in 1996 are listed in table 3. Reversed seismic 5-wave profiles ranged in length from 87 to 132 m. These 5-wave profile lengths resulted in a maximum survey depth range of about 30 m. In some cases no additional layers were detected below about 15 to 20 m. To estimate a maximum imaged depth in these cases, the maximum depth was approximated by assuming that a higher-velocity layer would have been detected on the next geophone beyond the end of the profile (Mooney, 1984) . P-wave source energy was stronger for far-offset shots than the S-wave signal because we used a 100 kg vertical weight drop source; consequently, maximum depth ranges were greater and reached about 40 m in some cases.
The shear-wave seismic source consisted of a 4-kg sledgehammer manually impacted on a wooden timber placed on the pavement, weighted down by a vehicle, at right angles to the direction of the profile. As in the previous study, multiple impacts (usually 2 to 8) were summed to increase signal. The data were digitally recorded at 30 positions on the ground by 4.5-Hz horizontal geophones that were spaced at 3-m intervals and oriented transverse to the profile. Reversed polarity seismic energy was produced by striking opposite ends of the timber. The onset of the Swave energy was usually clearly identified by over plotting normal and reversed polarity records and observing the first high-amplitude phase ( fig. 2) . Occasionally, there was interference from P-and S-wave phases propagating through the pavement, but these phases attenuated strongly after traveling laterally about 10m. We picked first-arrival phases assumed to be refracted from the same interface at all recording sites, calculated the velocity from the slope of the line connecting these phases, and then extended the line connecting these phases back to the zero offset point ( fig. 2) . The interpreted slopes (velocities), intercept times, calculated depths, seismic data, and individual site locations are shown for each site in the Appendix. Generally, alternative interpretations of the slopes of the lines connecting similar arrivals were within about 5 to 10 percent of each other, thus the calculated layer thicknesses determined in this study could vary by 5 to 10 percent. Noisier sites tend to have less certainty in their interpretation because phase arrival times can be obscured or emergent. There are two other limitations underlying this technique: (1) an assumption that layer velocity is constant across the length of the profile, and (2) low-velocity layers underlying a highvelocity layer (velocity inversions) cannot be detected. Given the length of the seismic profiles used in this study, the velocity we calculate for each layer is really an average over the length of the profile, and considering that the level of accuracy needed to get an average Vp and Vs over a 30 m depth interval, assumption (1) is probably not going to significantly affect the result. We also found that at most sites the individual layer velocities of the reversed shots were quite similar, suggesting continuity of layer velocity across the profiles. For assumption (2), we found velocity inversions appear to be a rare occurrence in the San Fernando Valley after examining previously published downhole data from 25 other sites. Significant velocity inversions (>10% change in velocity) were noted for Vp and Vs at only 4 and 2 sites, respectively, among the 25 sites examined. If undetected low velocity layers exist at the sites we studied, the calculated depths of layers below the lowvelocity layer will always be greater than the true depths (Mooney, 1984) .
Downhole -Surface Refraction Results Comparison
In spite of these assumptions and level of accuracy, the surface-refraction methods we employed in this study appear to generate accurate representations of near-surface Vp and Vs data based on comparison with two seismic velocity downhole profiles determined from co-located shallow boreholes in Sherman Oaks (Gibbs and others, 1996) . Incidentally, no velocity inversions were found in the data for these boreholes. For Vp at site SOW our initial interpretation defined 2 layers: an 8-m thick surface layer with Vp of 300 m/s underlain by at least 32 m of deposits with Vp of 1900 m/s. Given the 2.5-m difference in elevation between the borehole and the seismic profile, this initial model agreed or closely agreed with the downhole data in: (1) number of seismically distinct layers, (2) thickness of the surficial layer to within 8%, (3) velocity of surficial layer to within 22%, and, (4) velocity of the second layer to within 8%. After referring to the Vp downhole data, we re-interpretated the refraction data and produced a refined model that decreased the difference in velocities of the surficial layer and second layer from 8% to 6% and from 8% to 7%, respectively ( fig. 3 ). The new Vp depth model increased the thickness of the surficial layer to 9 m, which is still within 8% of the downhole data ( fig. 3A) .
We followed the same procedure for interpreting Vs data at this site as described for Vp above. In our preliminary Vs model, we interpreted 3 layers (with prospects for a 4th layer) in the upper 50+ m, which compared to 4 layers interpreted in the downhole data. The velocities for the top two layers agreed to within less than 6%, and the thickness of the surficial layer agreed to within 4%. After referring to the downhole data, we had more confidence in including the 4th layer, and the reinterpreted Vs model agreed with the downhole data to within 14% in layer depths and velocities in the upper 50+ m ( fig. 3A) . Hartzell and others (1996) . B) Shear-wave profile recorded at site TRE on Quaternary alluvium in Reseda, California. Shear-wave source is at the zero-offset position in both profiles. Reverse polarity traces were generated by striking opposite ends of the source. Heavy lines on the data mark the distinct onset of S-wave arrivals emanating from a subsurface layer with common seismic velocity (annotated above the line). At site SOP we generated a final interpretation of the refraction data without knowledge of the downhole data. The two data sets show similar numbers of layers in the upper 40 m, very similar velocities (average difference of 13% for Vp and 7% for Vs), and comparable layer thicknesses averaging 7% difference for Vp and 8% for Vs, assuming the two intermediate layers in the shearwave refraction data are equivalent to the single layer interpreted in the downhole data over the same general interval ( fig. 3B ). These comparisons and the ones described in Williams and others (1996) , gives us confidence that this time-tested method is a valid technique for determining nearsurface seismic P and S velocities.
VP AND Vs, NEHRP SITE CLASSIFICATIONS, AND SITE RESPONSE Sherman Oaks
A previous study of aftershocks by Hartzell and others (1996) showed that the Sherman Oaks area south of the Los Angeles (L. A.) River produced some of the largest site amplification factors in the San Fernando Valley. This area also contains a characteristic sequence of surficial deposits with low Vs that correlates with the high site response and greater amounts of building damage (Williams and others, 1996) . We acquired three new sites in the Sherman Oaks area BLA, SOW, and SOP, two of them south of the L.A. River ( fig. 1 ), that have similar velocity structures to the 5 Sherman Oak profiles shown in Williams and others (1996) . Because the previous results are discussed frequently in this report they are included in this report as Site SOP is located about 550 m north of the River and, like the one other Sherman Oaks site (YKl) surveyed north of the river (Williams and others, 1996) , is characterized by a slightly higher Vs at the surface (255 m/s). The water table depth at site SOP is uncertainly determined to be between 16 and 32 m depth. This lack of certainty is created by the presence of a layer with a seismic velocity of 1245 m/s at 16 m depth that is probably partially saturated. Usually, a water-saturated unconsolidated deposit has a seismic velocity of about 1500 to 1600 m/s. This compares to about 12 m depth for site YKl, though this difference could be partially the result of a one year time difference between measurements. These sites in the Sherman Oaks area clarify the difference in Vp and Vs structure between the north and south sides of the river. This difference in seismic velocity structure may be related to a clear difference in grain size of mapped Holocene alluvial deposits (Tinsley and Fumal, 1985) . Generally, north of the L.A. River in Sherman Oaks the deposits are mapped as medium-grained Holocene deposits, while south of the river they are mapped as finegrained Holocene deposits.
Encino-Tarzana-Reseda
To compare seismic velocities from Sherman Oaks to other sites near the Los Angeles River we acquired: 1) profile LOS 2 km south of the river in Encino, Calif.; 2) profile MAY 30 m south of the channelized L.A. River; and 3) profile TRE 2 km north of the river in Reseda ( fig. 1 ). All sites are located on Quaternary alluvium, but LOS is located on Pleistocene deposits while MAY and TRE are located on Holocene deposits (Tinsley and Fumal, 1985) . Site MAY was acquired on the ground surface where a series of collapsed 2-story apartment buildings within a single complex were built over ground-level open carports (see title page photograph). The apartments were red-tagged and demolished after the earthquake and we were able to acquire the seismic profile on the soil where the old carports were located and the new apartments were being constructed. The Vp and Vs structure at MAY and TRE closely resemble the velocities observed south of the L.A. River in 
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Figure 4. P-and S-wave velocity interpretations to about 30-m depth for the 11 refraction profiles described in Williams and others (1996) . Site names annotated at the top of each rectangle. Seismic velocities are annotated in the shaded boxes. Boxes are shaded according to velocity value; the lower the velocity the lighter the shading. The small box inset at the bottom of the S-wave velocity column gives the mean shear wave site response amplification factor between 2 and 6 Hz (Hartzell and others, 1996) that is discussed in the text. 10 Figure 5. P-and S-wave velocity interpretations to about 30-m depth for the 13 refraction profiles with site names annotated at the top of each rectangle. Seismic velocities are annotated in the shaded boxes. Boxes are shaded according to velocity value; the lower the velocity the lighter the shading. The small box inset at the bottom of the S-wave velocity column gives the mean shear wave site response amplification factor between 2 and 6 Hz (Hartzell and others, 1996) that is discussed in the text.
San Fernando Valley Shallow Seismic Velocities
Sherman Oaks (fig. 5 ), although some of the Sherman Oaks sites are about 20 to 30% slower in Vs in the upper 10m. Each of these sites has at least 25 m of deposits with a Vs from 170 to 270 m/s and a water table at less than 10 m depth, thus both sites are classified as soil profile type D. Site TRE is about 500 m west of the Aliso Canyon Wash which could produce a high water table and thus a velocity structure more similar to a site near the L.A. River. The site amplification factors for sites MAY and TRE, however, are in the moderate range at 3.3 and 2.8, respectively (Hartzell and others, 1996) . In contrast, possibly because site LOS is located on older, more compacted alluvium, the average VS3o data from this site classify it as soil type C. There is a layer with a 415 m/s velocity (soil profile type C) within 3 to 5 m of the surface ( fig. 5) (table 2) . From these similar velocity profiles, the difference in site amplification at site SMI of 4.9 versus 2.3 at site ARA (Hartzell and others, 1996) is not explainable. Among other possible reasons the focusing effects of deeper structures may be responsible for the difference.
North Hollywood -Southeastern San Fernando Valley
Measured by the number and density of red-tagged buildings, the commercial-industrial area along Lankershim Blvd in North Hollywood sustained an anomalously high amount of building damage as compared to the surrounding parts of the community ( fig. 1) . Although no aftershock site amplification values are available for this area, we decided to compare the difference in nearsurface seismic velocities between site NOHO in a heavily damage zone to site BAK outside this zone (fig 1) . We found that the average Vs in the upper 30 m at site NOHO at 255 m/s (class D) is significantly slower than the 415 m/s (class C) average at site BAK (table 2). Though both sites are located on the same mapped unit, Holocene coarse-grained alluvium (Tinsley and Fumal, 1985) , the central branch of the Tujunga Wash, 500 m from site NOHO and 1.8 km from BAK, probably more frequently supplied loosely consolidated deposits to site NOHO and lesser amounts to site BAK. This may help explain the difference in near-surface seismic velocities. Although there is a difference in building type between these two locations, it appears that low Vs in the near-surface of North Hollywood probably increased the site response and contributed to the higher levels of building damage along Lankershim Blvd.
Rock Sites
Three rock sites were profiled in this study and significant differences were found in nearsurface velocity that appear to explain part of the measured differences in site amplification. The rock sites are located in the Santa Monica Mountains (ERlb), Simi Hills west of the SFV (MUE2), and the Santa Susana Mountains (JQlb) north of the SFV (fig. 1) . These sites are located on three different mapped geologic rock types. Site ERlb is located on the Topanga Formation, which consists of a conglomerate with an average Vs and Vp of 970 m/s and 1600 m/s, respectively (table 2  and fig. 5 ) at the profile location. This average Vs classifies site ERlb as soil profile type B. This is the highest average Vs30 found among the 24 sites studied, it is also the site with the lowest site amplification factor in the SFV (Hartzell and others, 1996) . Site MUE2 had the second lowest site amplification factor at 1.5 (Hartzell and others, 1996) and is located on the Chico Formation (sometimes called the Chats worth Formation in this area), a massive brown sandstone at the profile location and at the aftershock station. The 830 m/s Vs30 at this site is about 14% slower than at site ERlb and also classifies site MUE2 as a soil profile type B. The 1760 m/s Vp30 at MUE2 is about 8% faster than at site ERlb. Although there is a correlation between lower Vs and higher site amplification at MUE2 than at ERlb, the velocity difference appears to be too small to explain the factor of 2 difference in site amplification. The third 'rock' site, JQlb, is located on the lower member of the Saugus Formation and had an average site amplification factor of 2.5 (Hartzell and others, 1996; table 2) . This level of site response is more like that of an unconsolidated alluvial site. The higher site amplification here may be partially explained by the relatively low Vs30 of 530 m/s (table 2 and fig. 5 ). This Vs places JQlb in soil profile type C, a different classification than the other two rock sites described above. The 940 m/s Vp3o at JQlb is also slower than the other two rock sites and suggests that the near-surface deposits at this site are much more loosely consolidated. This inference is supported by observing that consolidated rock is exposed in outcrops at the other two rock sites, while a roadcut, adjacent to the seismic profile at JQlb, exposed outcrops of friable sandstone of the Saugus Formation. The variety of site amplifications and near-surface seismic-velocity profiles at these 'rock' sites emphasizes that not all rock sites will have the same seismic response, as noted by Boore and Joyner (1997) , or fit the same NEHRP site classification.
CONCLUSIONS
Using seismic-refraction methods on the ground surface we have interpreted the seismic velocity structure in the upper 30 m at 13 sites to complement 11 others previously acquired by Williams and others (1996) . Twenty of these sites were previously used as aftershock recording stations for a site response study of the Northridge earthquake. The technique is non-invasive, relatively fast (the data from 2 to 3 sites can be acquired in one day), and can be used on the city streets of populated areas at the site of interest in most cases. To check the accuracy of these methods, we co-located two profiles at two different boreholes with known Vp and Vs velocity structures. We found that without knowledge of the borehole data, we can produce a velocity structure by our methods that is within about 5 to 15 percent different than the borehole data in the upper 40 to 50 m in terms of seismic velocities and layer thicknesses. Thus the seismic refraction method appears to be a valid substitute for downhole surveys if only seismic velocity information in the upper 30 to 40 m is needed.
Using the seismic refraction data we also categorized the sites, including those described in Williams and others (1996) , according to the soil and rock classification scheme defined by the NEHRP. We found that of the 20 sites studied that also have site response data, eleven of the sites can be classified as soil profile type D, seven sites as type C, and two sites as type B. These site classifications appear to be valid predictors of increased earthquake ground shaking as 91% of the sites in class D had site amplification factors above a factor of 2 and two of these sites had amplification factors above 7.0, which were the highest measured by Hartzell and others (1996) ; 71% of the sites in class C had ground motions that were amplified above a factor of 2, and none of the class B sites were amplified above a factor of 1.5. The weakness in these soil-type classifications and in attempts to correlate site response with Vs, is that there can be a wide range of site amplifications for a given soil type or Vs. This suggests that other factors, such as deep structures, that could tend to amplify or de-amplify seismic waves, can strongly influence earthquake ground motion at the surface. Thus, at this point, knowing a sites average Vs to 30-m depth will not permit precise prediction of the level of shaking, but it does appear to allow predictions that ground shaking will be amplified above a factor of 2 for moderate-sized earthquakes.
Only a few of the differences in NEHRP site types can be explained by looking at geologic rock type, age, or grain size of the alluvial deposits. For example, of the ten sites we studied which are located on what is mapped as recent (Quaternary) alluvium (Tinsley and Fumal, 1985) , we placed three in soil type C and seven in soil type D. Only one of the type C sites stands out because it is located on Pleistocene deposits, while all of the other sites are located on Holocene deposits that span a range of grain sizes from coarse to fine (Tinsley and Fumal, 1985) . We also studied two sites in North Hollywood that lacked site response data, but were quite different in terms of the amount of building damage. With our data, we classified the site with higher amounts of red-tagged building damage surrounding it as NEHRP soil type D and the site with lesser amounts of building damage as a type C._These two sites are both located on mapped coarse-grained Holocene alluvium, yet based on their VS3o we place them in different site classes.
Compared to the sites on alluvium, the differences in site type among the three rock sites can be easily seen in the differences in mapped rock type, measured Vs, and nearby outcrop. The three 'rock' sites were found to fall into site classes B and C with the class C 'rock' site having a_ factor of about 2 to 3 greater average site amplification than the two rock sites in class B. With a VS3o under 1000 m/s, all three 'rock' sites described in this study appear to fit into Boore and Joyner's (1997) 'tectonically active region rock site' class versus the 'very hard rock site' class with average Vs in excess of 2 km/s.
Three sites in the Sherman Oaks area confirmed the difference in near-surface seismic velocity structure north and south of the Los Angeles River that was interpreted by Williams and others (1996) . These two regions are also clearly differentiated in their physical properties by grain size (Tinsley and Fumal, 1985) . Both regions are mapped as Holocene alluvium with medium-sized grains generally north of the river and predominantly fine grained south of the river. But two profiles outside the Sherman Oaks area and in the vicinity of the Los Angeles River demonstrate that the low Vs30 and high water table found in Sherman Oaks south of the Los Angeles River are not entirely unique. 
Seismic profile is about 0.8 km from aftershock recording station VI is an estimate. It was not clearly observed on both profiles. V2 was not observed on profile B; it was assumed to be there. V4 is an estimate; it was not observed. It is about .57 the speed of V3 on the P-wave data and is assumed to be the next deeper layer that would be observed. It is needed in order to get an estimate of the thickness of V3. .500
